Abstract. Despite extensive efforts to enhance catheter navigation, limited research has been done to visualize and monitor the tissue lesions created during ablation in the attempt to provide feedback for effective therapy. We propose a technique to visualize the temperature distribution and extent of induced tissue injury via an image-based model that uses physiological tissue parameters and relies on heat transfer principles to characterize lesion progression in near real time. The model was evaluated both numerically and experimentally using ex vivo bovine muscle samples while emulating a clinically relevant ablation protocol. Results show agreement to within 5
Introduction
Catheter ablation entails the navigation of a percutaneously inserted catheter into the heart and delivery of radio-frequency (RF) energy to induce local tissue necrosis to electrically isolate regions that generate or propagate arrhythmia. Cardiac ablation procedures are conducted under image guidance, where medical imaging, typically X-ray fluoroscopy, is used to guide the catheter to the intracardiac targets [1] . Reported ventures into the treatment of cardiac arrhythmia have been somewhat discouraging, with a fairly high number of patients requiring revisions [2] . We have identified two significant factors that have hampered the success of catheter ablation therapy: inadequate visualization inside the beating heart for accurate targeting of the arrhythmic sites; and lack of effective feedback (i.e., lesion size and tissue injury) on the ablation process.
Visualization in traditional ablation procedures has been impeded by the inherent limitations of X-ray fluoroscopy, mainly arising due to poor visualization of the endocardial surface and requisite catheter contact. Our prior research has addressed the limitations of traditional guidance [3] , by developing a novel prototype system for advanced visualization for image-guided cardiac ablation. This platform incorporates pre-operative, patient-specific cardiac models, electro-physiology data acquired via commercial navigation systems, tracked US imaging, and tracking of the ablation catheter.
The other critical factor to successful ablation, which we address here, is intraoperative feedback on the quality of the delivered lesions. While several groups have developed mathematical and physiological models [1] to investigate lesion development in response to RF energy delivery [4, 5] for cardiac ablation, to our knowledge, little effort has been channeled toward the integration of such models into the clinical workflow, to visualize and monitor tissue injury, and avoid incomplete electrical pathway isolation during ablation. The slow progress has primarily been attributed to the challenge of developing sufficiently fast ablation models capable of computing temperature distribution and lesion progression in real time [6] .
To complement our navigation platform with simultaneous online therapy monitoring [7, 8] , here we propose a fast and reasonably accurate surrogate ablation model that provides estimates of temperature distribution, tissue damage and lesion progression. The cardiologist will have access to a dynamic visual display of "ablation lesion maps" consisting of sequentially created lesions, rather than just a glyph indicating the catheter location, which can be used to guide the delivery of subsequent lesions to ensure suppression of arrhythmia.
Materials and Methods

Ablation Model
The tissue response to RF energy can be approximated with sufficient accuracy by a coupled resistive -conductive heat transfer process [1] . The proposed surrogate ablation model incorporates a resistive component occurring at the electrode-tissue interface, and a conductive component responsible for the energy diffusion into the tissue. The heat transfer equilibrium equation the tissue during ablation is governed by the bioheat equation [9] :
where ρ is the density (kg/m 3 ), c is the specific heat (J/kg·K), k is the thermal conductivity (W/m · K); Q p is the perfusion heat loss (W/m 3 ) -typically neglected for cardiac ablation [10] , Q m is the metabolic heat generation (W/m 3 ), which was shown to be insignificant [11, 12] , and, lastly, q is the heat source (W/m 3 ), representing the energy deposited into the tissue within a small radius around the electrode and approximated by a purely resistive, quasi-static Joule heating.
Model Formulation and Image-Based Implementation:
The ablation electrode is represented by a virtual construct based on the physical properties of the electrode, and its interaction with the tissue is defined by means of voxel occupancy in the image volume. The delivered power is absorbed within the first 1-1.5 mm from the electrode surface. During clinical procedures, energy is gradually delivered to the tissue up to a set level (30-50W), then modulated to maintain the electrode temperature at a preset value [13] (typically
